Summary
Pair-fed rats were given diets containing 250 ppm added Cu with or without 5% Senecio jacobaea (S J), a poisonous plant containing the highly toxic pyrrolizidine alkaloids (PA). Levels of Cu, Zn and Fe were determined in whole liver, kidney, spleen, serum and subcellular fractions of liver. Serum ceruloplasmin and hematocrit values were also obtained. At 5 wk, a 7.5-fold increase in liver Cu was observed for the S J-treated rats when compared with controls (P<.O1). Percentage distribution of total Cu was greater in the nuclei and debris fraction (P<.O01) and reduced in the lysosomal and cytosolic fractions (P<.05) as a response to PA intoxication caused by SJ. Liver Zn was decreased (P<.05) as a result of SJ consumption; however, alterations in distribution of Zn among the fractions were not significant. The SJ caused an increase in liver Fe levels (P<.01) with the cytosol fraction showing the only significant increase. Ingestion of SJ also caused increased spleen weight (P<.O01), spleen Cu level (P<.05), kidney weight (P<.01) and kidney Cu level (P<.01). Mean hematocrit was not different (P>.05), between treatments, but more variation was observed as a result of SJ consumption. Consumption of SJ also resulted in elevated activity of serum ceruloplasmin (P<.01) and serum Cu (P<.05). Higher levels of Cu in the nuclei and debris suggest impairment or saturation of normal subcellular excretory mechanisms and may involve a lysosomal defect. The increased hepatic Fe, hematocrit 
IntroductiOn
Pyrrolizidine alkaloids (PA) contained in the plant genera SeneeiO, Heliotropium and Crotalaria are toxic to Some animals when ingested. Senecio jacobaea (S j) is a major livestock poisoning weed in pastures in the Pacific Northwest, and in Western Europe, South Africa, Australia and New Zealand. Cattle, horses and rats are considered susceptible to PA toxicity while sheep and goats are relatively resistant. In susceptible animals~ intoxication causes hepatic failure characterized by icterus and ascites with lesions including heptatomegalocytosis, biliary hyperplasia, venoocclusion and necrosis (McLean, 1970) . Damage to heart, lung, kidney and gastrointestinal tract tissue has also been reported (Allen and Carstens, 1970; Hooper, 1975; Huxtable, 1979) . Pyrrole metabolites of PA have been implicated as the active tissuedamaging components (Mattocks, 1972) . These metabolites, formed by the microsomal cytochrome P-450 monoxygenase enzyme system, are active alkylating agents (White et al., 1973) . The PA have been shown to cause alterations in mineral metabolism, notably Cu and Fe. Sheep consuming Heliotropium europaeum for extended periods of time developed Cu toxicity with resultant accumulation of liver Cu and associated hemolytic crisis (Bull et al., 1956 Watt et al., 1972) . Buckmaster et al. (1976) noted enlargement of spleens in rats intoxicated by dietary S J, suggesting increased storage of Fe. Decreased incorporation of SgFe into erythrocytes, tibia and liver and increased levels in spleen and kidney in rats due to feeding SJ have been observed (R. A. Swick, unpublished data). Impairment of hematopoiesis or accelerated erythrocyte destruction was suggested. Changes in circulating ceruloplasmin levels could alter binding of Fe to transferrin in the plasma. The objective of this experiment was to further study PA-cansed alterations in mineral metabolism. By determining subceUular distribution of accumulated Cu, Fe and Zn and measuring changes in ceruloplasmin activity (ferroxidase), previously seen alterations in Fe metabolism and hematopoiesis may be elucidated.
Materials and Methods
Twenty weanling Long-Evans rats (Simonson origin) of 85 to 95 g initial body weight were randomly assigned to two equal groups and fed the diets listed in table 1. The rats were pair-fed so that the rats in a pair consumed equal amounts of control and SJ diet, respectively. Partial restriction of the control diet was necessary because the diet containing SJ (5%) was less palatable. Tap water was supplied to all rats ad libitum. Rats were housed in stainless steel, hanging wire cages under controlled light and temperature conditions. At 5 wk, the anima]s were killed by decapitation. Blood samples were immediately taken for hematocrit and preparation of serum. Serum was stored frozen until analysis. Kidneys and spleens were blotted and weighed while 3.0-g slices of liver tissue were removed from the median lobe and immersed in ice-cold .25 M sucrose (1:9 liver:sucrose, w/v). Homogenates were prepared from each using a Thomas homogenizer with a teflon pestle. Fractionation was carried out at 0 C as follows: 1) nuclei and debris (600 x g for 10 min), 2) mitochondrial fraction (4,100 x g for 10 min), 3) lysosoma] fraction (24,500 x g for 10 min), 4) microsomal fraction (105,500 x g for 60 min) and 5) cytosolic fraction (105,500 x g supernatant). Using this method, Gooneratne et al. (1979) found sediments to be 75% pure for electron micrograph and lysosomal marker enzyme analysis. Subcellular fractions of liver and samples of whole liver, spleen, kidneys and diets were subjected to wet ashing in 1:4 concentrated HC104:HNO3 for 6 h at 250 C after 24 h predigestion. Appropriate dilutions were made with .1 N HCI and samples were analyzed against standards for Cu, Zn and Fe on a Perkin-Elmer model 303 atomic absorptio n (AA) spectrophotometer. Working standards were found to be within the acceptable range when verified against National Bureau of Standards bovine liver and oyster tissue reference standards. All glassware used in mineral analysis was soaked in 1 N 1:1 HCI:HNO3 for at least 24 h and rinsed four times with glassdistilled water. Serum samples were diluted appropriately and aspirated directly into the AA nebulizer. Serum ceruloplasmin was estimated by the method of Houchin (1958) as modified by Rice (1962) using paraphenylenediamine dihydrochloride as a substrate. Means for each characteristic measured were subjected to a paired Student's t-test (Steel and Torrie, 1960) to determine the probability of significant differences. (Buckmaster et al., 1976) , suggesting changes in hematopoiesis. The mineral concentrations of selected tissues indicated Cu accumulation in the liver, kidney and spleen (P<.01, P<.01, P<.05, respectively), and decreased concentrations of liver Zn (P<.05) and increased liver Fe (P<.01). Increases in Cu concentration were particularly pronounced for liver and kidney where sevenfold and threefold increases, respectively, were observed in the S J-treated rats when compared with controls (table 2) . Fractionation of liver homogenates revealed that Cu was accumulating in the nuclei and debris fraction (P<.001) at the expense of the other fractions when SJ was included in the diet (table 3) . Percentage of total Cu in the lysosomal and cytosolic fractions was significantly depressed. The order of percentage of total Cu content for each fraction from high to low was: Cu controls, nuclei and debris > cytosol > mitochondria > lysosomes > microsomes and Cu S J, nuclei and debris > mitochondria > cytosol > lysomes > microsomes. The only difference (P<.05) when individual fractions were compared between groups for Zn and Fe was an increase in cytosolic Fe in the S J-treated rats.
Increased serum ceruloplasmin activity (P< .01) and increased serum Cu (P<.05) were observed as a result of dietary SJ (table 4) . Serum Zn and Fe were not different (P>.05) between groups. Mean hematocrit values were not different (P>.05) as a result of SJ consumption; however, variation was increased. Ranges for hematocrit were 39 to 45 and 31 to 51% for the controls and S J-treated rats, respectively.
Discussion
Senecio jacobaea flowers contain .25% (w/w, dry) total PA with seneciphylline and jacobine present in highest concentration followed by jacozine, jacoline and senecionine (Deinzer et al., 1979) . The results of this experiment suggest that cytosolic proteins such as metaUothionein, copper chelatin or superoxide dismutase are not responsible for hepatic Cu accumulation during PA intoxication because SJ consumption caused a decrease in percentage of total liver Cu in this fraction. Accumulation of Cu in the nuclei and debris fraction suggests an increased binding of the metal to cell membranes. It is possible that increased gastrointestinal absorption of Cu during intoxication could cause subsequent saturation of hepatic subcellular excretory mechanisms. In normal animals, dietary Cu is poorly absorbed and appears to be regulated according to bodily needs (Underwood, 1977) . Intestinal metallothionein may influence Cu absorption through some binding plasma-transfer mechanism or by acting as a (Cousins, 1979) . Evans and Hahn (1974) found that orally administered Cu becomes associated with a protein resembling metallothionein in the intestine. Hooper (1975) described the effect of PA on the gastrointestinal tract. Intestinal atrophy, inhibition of crypt cell mitosis and ulcerative villous atrophy were observed in rats, sheep and mice. Decreased production of intestinal metallothionein due to the antimitotic effect of PA on mucosal cells may result in higher Cu absorption. Decreased excretion of Cu into bile could also account for hepatic Cu accumulation during PA intoxication. It has been suggested that lysosomes function in Cu storage and excretion into the bile. Sternlieb et al. (1973) found that after administration of radioactive Cu to patients with Wilson's desease, a disorder characterized by liver Cu accumulation, activity of Cu in the hepatic lysosomes was identical to that of Cu in the bile. It was suggested by de Duve and Wattiaux (1966) that whole lysosomes are discharged into the bile. Decreased Cu in the lysosomal fraction was observed during PA intoxication. It appeared that the lysosomes became less effective in sequestration of Cu or were possibly altered in such a way that they sedimented with the nuclei and debris. Intracellular lesions associated with PA intoxication could cause entrapment of lysosomes within membranes during transport to the bile. Sheep subjected to dietary Heliotropium were found to have increased bile flow, but unchanged concentration of secreted bile salts (Caple and Heath, 1979) . Thus, it appears that Cu accumulation is probably not a simple cholestatic response. Increased activity of serum ceruloplamin indicated that the accumulated liver Cu in the S J-intoxicated rats was available for enzyme systhesis. This is in contrast to Wilson's disease where high levels of liver Cu are found with low levels of serum ceruloplasmin (Evans et al., 1973) . During PA intoxication, induction of ceruloplasmin synthesis may be an attempt to excrete excess Cu by the liver or may be in response to increased demand for Fe mobilization due to stimulated erythropoietic activity. Ceruloplasmin is responsible for oxidation and binding of Fe to transferrin in the serum (Frieden, 1970) . Increases in transferrin activity would be necessary for the recycling of Fe from liver and spleen that was deposited as a result of erythrocyte destruction.
